Abstract: Using different classes of genetic markers can provide insight into the role of selection, as well as a broader context for identifying population differentiation. We used nine microsatellite loci and polymorphisms at eight gene loci (major histocompatibility complex (MHC) classes I and II, growth hormones 1 and 2, transferrin, and immunoglobin heavy-chain) to determine population structure in six coastal populations (Vancouver Island, VI) and five interior populations (Fraser River, FR) of Chinook salmon (Oncorhynchus tshawytscha) in British Columbia, Canada. F ST and G ST ′ values for specific VI gene loci were significantly higher than those for the FR and VI microsatellite loci or the FR gene loci. Pairwise microsatellite F ST values were correlated with geographic distance across regions, but not using the gene locus marker data. Neighbor-joining cluster analyses showed one VI population as particularly divergent based on the gene locus data, while the VI and FR microsatellite locus and the FR gene locus analyses yielded no anomalous population divergence. The VI MHC class II marker F ST values were exceptionally high, indicative of probable directional selection acting on MHC class II. Our results are consistent with local adaptation in Chinook salmon, but the nature of the local adaptation likely differs among regions.
Introduction
Given barriers to gene flow, populations and species may genetically diverge through mutation, drift, or selection. Although the early controversy over drift versus selection as the driving force behind genetic divergence has not been completely resolved, current interests focus on partitioning the contribution of drift versus selection (Miller et al. 2001; Ford 2002) . Although a vast number of studies of population genetic differentiation have been published, most used only neutral (or assumed neutral) markers. The employment of presumed neutral markers (such as microsatellite loci or synonymous substitutions; but see Li et al. 2004 ) is clearly indicated if the analysis assumes drift as the primary mechanism for divergence (e.g., determining reproductive isolation, effective population size, or number of migrants; Beaumont and Nichols 1996) . However, neutral markers by themselves are of limited value for determining potential functional divergence among populations (Miller et al. 2001) . Thus a simultaneous evaluation of both neutral marker and functional gene-coding polymorphisms is the ideal solution for partitioning the effects of isolation (drift) and functional divergence (selection). Until quite recently, such an approach was constrained by our limited knowledge of possible candidate genes that were a priori expected to show selective effects in organisms of conservation and evolutionary interest (i.e., not genetic "model species"; see . Given recent advances in vertebrate genome research, those constraints are no longer a serious limitation for studies of functional genetic divergence and evolution .
The role of drift versus selection has been investigated at a number of known-function loci, primarily through sequence analysis among species, and many of those loci show evidence of positive selection (see Ford 2002) . Ford (2002) identified nine classes of functional loci that appear to have undergone positive selective effects, based on the ratio of synonymous to nonsynonymous substitutions. Although selecting candidate loci based on the expectation of adaptive significance is a reasonable approach for studies of genelevel selection, finding among-population coding polymorphisms at such loci can be logistically difficult. One alternative is to use noncoding polymorphisms (e.g., intron sequence variation or expressed sequence tag (EST)-linked microsatellite DNA) that are closely linked to gene-coding regions . The available level of polymorphism for such markers is much higher than for true coding polymorphisms, but they can still reflect recent selection effects via their tight linkage with coding regions . We refer to our intron and coding region polymorphisms as gene locus markers, since they are polymorphisms at knownfunction gene loci.
We chose candidate gene loci for this study based on the expectation for potentially high levels of population-specific selective effects and hence genetic divergence and local adaptation. Polymorphisms in the peptide-binding regions of the major histocompatibility complex (MHC) genes have been shown to be under the effects of selection in a variety of organisms, including salmonids (Landry and Bernatchez 2001; Miller et al. 2001; Wegner et al. 2003) . Since MHC diversity is directly related to the breadth of the specific immune response as the basis for antigen recognition, it is not surprising that MHC has been shown to be under strong selection for diversity (Landry and Bernatchez 2001; Miller et al. 2001; Wegner et al. 2003) . Although less frequently reported than diversifying selection, MHC genes may also be under selection for specific alleles (Miller et al. 1997 (Miller et al. , 2001 (Miller et al. , 2004 Grimholt et al. 2003; Wegner et al. 2003) . Similarly, other immune function-related genes would be expected to be highly sensitive to selective effects (Ford 2002) . The other immune function-related marker loci we chose for this study have also been shown to play a role in pathogen challenge survival, although the supporting evidence is not as consistent as that for the MHC class II. Despite a demonstrated relationship between transferrin genotype and resistance to bacterial infection (e.g., Winter et al. 1980) , presumably because of the nonspecific, antibacterial function of transferrin's iron-binding properties (Hirst and Ellis 1996) , there have only been a few studies reporting genotype differences among populations of salmon (e.g., Van Doornik et al. 1996) and some evidence for selective effects on transferrin gene sequence (Ford 2000 (Ford , 2001 . Although there have been, to our knowledge, no reports of selective effects on the immunoglobin heavy-chain (IgH) genes in salmon, Moran et al. (1997) reported strong population divergence among 11 populations of Chinook salmon. Thus we included both IgH and transferrin gene locus markers in the present study.
Genes related to critical life history parameters (such as growth or reproduction) are also expected to experience selection; however, the intensity of selection would likely be less, since selection at such loci would act indirectly via selection on phenotypic life history variation in diverse environments. Differences among populations of salmon in both freshwater and saltwater growth rates are well known (Groot and Margolis 1991) ; however, such differences are probably strongly affected by environmental factors. Although we are aware of no studies on population-level selection or divergence at the growth hormone (GH) genes in salmon, differences in growth patterns among populations have been identified as adaptive, and thus selection is implied. Since Moran et al. (1997) reported a very high F ST value (0.53) based on GH-2 intron D RFLP data from 11 populations of Chinook salmon, we included both GH-1 and GH-2 gene loci in the present study.
Despite a very large body of published studies of population genetic divergence among salmonid populations, only recently have researchers attempted to partition the observed divergence into drift versus selective effects, despite the strong expectation for local adaptation in philopatric salmon populations (Taylor 1991; Adkinson 1995; Waples et al. 2004) . The expectation for functional genetic differences among populations of salmonids is further strengthened as a result of the diverse environments and life history patterns observed among populations within a species (Adkinson 1995; Waples et al. 2004 ). Coastal and interior life histories in Chinook salmon (Oncorhynchus tshawytscha) have been well documented (see Groot and Margolis 1991; Waples et al. 2004) , and some of the differences have been shown to have an additive genetic component (see Waples et al. 2004 ). Populations of Chinook salmon inhabiting such diverse environments and displaying diverse life histories are likely to have experienced quite different selective pressures.
Here we report an analysis of genetic structure among 11 populations of Chinook salmon taken from two different regions of British Columbia, Canada. We determine population structure and differentiation using both microsatellite and gene locus markers at immune function (MHC, transferrin, and immunoglobin heavy-chain) and growth-related (GH-1 and GH-2) loci. The "neutral" markers used here are strictly speaking presumed neutral, since microsatellite loci can occur within (or, in linkage disequilibrium, with) coding regions (e.g., ) and hence may respond to selection pressures (see Li et al. 2004 ). On the other hand, our gene locus markers include true coding polymorphisms (MHC) as well as intron-based polymorphisms that are closely linked to functional coding regions, but are not directly functional. The Chinook salmon populations in this study are from Vancouver Island (VI, six populations) and from tributaries of the upper Fraser River (FR, five populations); all were colonized approximately 10 000 -14 000 years ago after the last glaciation (see Ford 1998) . The VI populations are coastal and thus have a short freshwater-saltwater migration distance, coupled with an ocean-type juvenile life history (i.e., short freshwater residency; Groot and Margolis 1991; Waples et al. 2004 ). The FR tributary populations are interior and thus have a long migration distance, coupled with a stream-type juvenile life history (i.e., long freshwater residency; Groot and Margolis 1991; Waples et al. 2004 ). There are also profound environmental differences between the two regions. We chose our gene locus markers to maximize the likelihood of detecting evidence for selection, since growth and immune function genes are expected to be under strong selection in anadromous, semelparous salmon populations. Specifically, we expected that the MHC classes I and II (MHC-I and MHC-II, respectively) markers would show high levels of population structure and divergence (e.g., Landry and Bernatchez 2001; Miller et al. 1997 Miller et al. , 2001 ) relative to the presumed neutral microsatellite markers, while the intron-based immune function and growth-related markers would show an intermediate level of genetic divergence. Furthermore, we predicted that the pattern would be independent of life history or environmental differences, since diversifying selection should act within populations across the species range; thus we expected to see similar patterns of divergence among populations in both of the sampled regions.
Materials and methods

Sampling
Six populations of VI Chinook salmon and five populations in tributaries of the upper FR, British Columbia, (Fig. 1) were sampled between 1988 and 1992. (VI populations were all sampled in 1989.) All fish were sampled as sexually mature adults during the peak of the return distribution; either blood (VI) or scale (FR) samples were collected. Fish from the Puntledge River system (VI) form two separate subpopulations (Summer and Fall runs), based on the timing of their return migration. These two groups are managed as separate populations and utilize different areas of the river for spawning; however, there is some question of the validity of the designation of these two runs as separate populations. The Puntledge River populations have received egg and fry transfers over multiple years, primarily from the Big Qualicum River, but also from the Quinsam River. The Salmon River received minimal egg transfer from the Quinsam River in 1981 and 1988. There are no recorded transfers to the Nimpkish River or any of the FR populations. 
DNA extraction and marker application
DNA was extracted from blood and scale samples from 30-52 individuals per population using proteinase K digestion followed by phenol-chloraform-isoamyl alcohol extraction and salt precipitation. Two classes of markers were applied to the DNA samples. The neutral markers are published microsatellite DNA markers, optimized for use in Chinook salmon (Olsen et al. 1996; O'Reilly et al. 1996; Scribner et al. 1996; Nelson and Beacham 1999; Banks et al. 1999; Olsen and Bentzen 2000; Williamson et al. 2002) . We used a total of 13 loci, five of which were used in both the VI and FR populations (
The optimized polymerase chain reaction (PCR) conditions determined for Chinook salmon were as follows: a 1 min denaturation step (94°C), followed by 35 cycles of a 1 min denaturation step (94°C), a 1 min annealing step (50°C -Ots3, Sfo8; 52°C -Ots4, Ots1, Omy207, Oneu3, Ssa197, One114; 54°C -Ots104, OtsG3, OtsG311; 56°C -Omy325, Ssa85), and a 1.5 min extension step (72°C). Each 25 µL reaction contained 2.5 µL of 10× reaction buffer (100 mmol·L -1 Tris-HCl pH 8.4, 500 mmol·L -1 KCl, 15 mmol·L -1 MgCl 2 ), 2.5 mmol·L -1 MgCl 2 , 0.1 mmol·L -1 each dNTP, 2.0 µmol·L -1 of each primer, 1.0 µL of the extracted DNA, 1.0 U (1 U ≈ 16.67 nkat) Taq polymerase (GIBCO BRL, Gaithersburg, Maryland), and ddH 2 O to make up the 25 µL reaction volume. The forward primer for all PCR was dye-labeled, and the resulting dye-labeled, amplified fragments were run on an automated sequencer (Beckman Coulter Inc., Fullerton, California, or Visible Genetics, Toronto, Ontario) with appropriate size standards. The gene locus markers are based on both intron (IgH, GH-1 and GH-2, and transferrin) and coding region (MHC-I and MHC-II) polymorphisms, and all are restriction fragment length polymorphisms (RFLPs). For IgH, amplification and restriction digest protocols followed those described in Moran et al. (1997) ; GH-1, GH-2, transferrin, and MHC-II PCR-RFLP protocols are described in Docker and Heath (2002) ; and the MHC-I markers were developed for this project (see below). The MHC-II markers are situated within a common amplified fragment; one (RsaI) represents a nonsynonymous substitution in the putative peptide-binding region, and the second RFLP (DdeI) detects polymorphisms at a synonymous site that was always linked to a nonsynonymous substitution in the next codon.
The two novel MHC-I markers are situated in the A1 domain of the MHC-I gene, which was initially amplified using primers described in Miller et al. (1997) following PCR conditions described in Docker and Heath (2002) for MHC-II (primer annealing temperatures of 58, 55, and 52°C for 10, 10, and 20 cycles, respectively). PCR product from 21 Chinook salmon was cloned into pBluescript SK(+) vector, and we sequenced 1-20 (average 8.4) subclones per individual using the Beckman Coulter CEQ2000XL automated sequencer and supplied chemistry. A total of 57 alleles were detected among 177 sequences; alleles were either 222 or 228 bp in length and also differed from one another at 1-18 sites. The majority of allele sequence variants were observed in only one subclone sequence, and they were deemed artifacts. PCR-RFLP-based assays capable of detecting variation among common alleles were developed using the six most common alleles (found in 55% of the subclones) and were then verified with the rare alleles (presumed artifacts) to ensure that each assay produced only two possible fragment length patterns. RFLPs were detected with endonucleases Alw26I (267 bp (uncut) versus 87 bp and 180 bp) and RsaI (93 bp and 174 bp versus 32 bp, 61 bp, and 174 bp). Restriction fragment sizes varied depending on the length variant present (we report the large size variant RFLPs above). Restriction digests were carried out according to the manufacturer's instructions (Promega Corporation, Madison, Wisconsin), and fragments were visualized on 1.8% agarose gels. Both MHC-I markers represent nonsynonymous substitutions in the peptide-binding region.
Analysis
Except where noted, all genetic analyses were performed using Tools for Populations Genetic Analyses (TFPGA) software (v. 1.3) (M. Miller, Department of Biology, Utah State University, Logan, UT 84322-5305, USA; http://www. marksgeneticsoftware.net/). An exact test for HardyWeinberg equilibrium was employed at each locus within each population to test for significant (P < 0.05) departures from equilibrium; the Monte Carlo method included a total of 20 000 permutations. The results were corrected for multiple simultaneous comparisons using the sequential Bonferroni procedure (Rice 1989) . Genetic differentiation among populations was quantified by calculating F ST following Weir and Cockerham (1984) , and the 95% confidence intervals were estimated using bootstrap analysis over loci. Weir and Cockerham's (1984) unbiased F ST estimator assumes no specific mutation model, since it is predicated upon divergence resulting from primarily genetic drift. We calculated F ST for the neutral (microsatellite) and the gene locus markers separately. One microsatellite locus (OtsG13; Williamson et al. 2002) exhibited unacceptably high levels of departure from Hardy-Weinberg equilibrium in all populations assayed, and we excluded it from this study. Since F ST is expected to vary with heterozygosity (Beaumont and Nichols 1996; Hedrick 1999 Hedrick , 2005 , we also calculated G ST ′ , a modification of F ST that scales the estimate to reflect limitations imposed by high heterozygosity, a situation common to most microsatellite loci (Hedrick 2005) . Finally, we plotted F ST for each marker against mean expected heterozygosity and evaluated the likelihood of selective effects on the observed range of F ST values using the simulation approach described in Beaumont and Nichols (1996) . Simulations were performed using FDist2 (software available online from http://www.rubic.rdg.ac.uk/~mab/software. html); we used mean weighted F ST estimates for each class of marker in both FR and VI regions (FR gene locus F ST = 0.06; FR microsatellite F ST = 0.05; VI gene locus F ST = 0.24; VI microsatellite F ST = 0.03) and performed 60 000 simulations with 50 demes using a stepwise mutation model for the microsatellite data and an infinite allele model for the gene locus data. We plotted the resulting 95% confidence intervals for each class of marker for each region.
We performed unrooted neighbor-joining (NJ) cluster analyses with Cavalli-Sforza and Edwards' (1967) (Page 1996) software. We used D C because of expectations for better tree topology estimation for closely related populations (Angers and Bernatchez 1998) , although branch length estimation may be somewhat compromised (Angers and Bernatchez 1998) . We performed the cluster analysis for the two categories of markers in the VI and FR populations separately. We bootstrapped, with replacement, among loci using 1500 permutations to get an estimate of tree topology consistency.
To test for agreement with an isolation-by-distance model of genetic divergence among the Chinook salmon populations within the two marker categories, we regressed pairwise F ST on geographic distance using all pairwise comparisons of populations within the two regions only. We did not include comparisons between VI and FR populations, since the two regions are functionally isolated, and we used some microsatellite markers that were unique to each region. Geographic distance was measured along the shortest river and ocean pathway within each region (measured on 1:250 000 scale maps). Since we did not include all pairwise comparisons, we did not perform Mantel tests, but rather used linear regression and the Spearman's rank correlation to test for a relationship between F ST and geographic distance. We used Mantel tests for correlation between geographic distance and F ST within each region for each class of marker separately.
We tested for linkage disequilibrium among loci within the two marker types using a likelihood ratio test with the Note: Significant departures from Hardy-Weinberg equilibrium (after sequential Bonferroni correction) are indicated with asterisks (**, P < 0.01; *, P < 0.05). distribution approximated by a permutation procedure (100 000 permutations) as implemented in ARLEQUIN 3.0 software (Excoffier et al. 2005 ; also available online from http://cmpg.unibe.ch/software/arlequin3/). This test assumes Hardy-Weinberg equilibrium; thus results for loci not in agreement with Hardy-Weinberg equilibrium should be interpreted with caution. The results of the test for linkage disequilibrium were corrected for multiple simultaneous comparisons using the sequential Bonferroni procedure (Rice 1989) .
Results
The various marker loci showed a very large range of diversity among the populations (Tables 1, 2) . Generally, the microsatellite markers had the highest heterozygosity (except for OtsG3), but both types of marker showed considerable variability. The microsatellite loci showed low to moderate departure from Hardy-Weinberg equilibrium (9 out of 99 comparisons); all departures were due to an excess of homozygotes (Tables 1, 2 ). There were six significant departures from Hardy-Weinberg equilibrium for the MHC-I (RsaI) marker, all due to an excess of homozygotes; these departures included four VI populations and two FR populations (Tables 1, 2) . None of the other gene locus markers significantly departed from equilibrium in any population.
Among the VI populations, the microsatellite-based F ST estimate was significantly lower than the gene locus marker F ST estimate, while there was no significant difference between mean F ST estimates derived from the two marker categories in the FR populations (Table 3) . Although the magnitude of the differences was reduced when the G ST ′ sta- Note: Significant departures from Hardy-Weinberg equilibrium (after sequential Bonferroni correction) are indicated with asterisks (**, P < 0.01; *, P < 0.05). tistic was used, a similar pattern emerged (Table 3) . When individual marker locus F ST was plotted against expected heterozygosity with the simulated 95% confidence limits calculated in FDist2, one of the MHC-II markers in the VI populations significantly deviated from neutral expectations, while the GH-1D marker in the FR populations was marginally significantly outside of the expected range for neutral loci (Fig. 2a) . Those departures from neutral expectations are even more marked, and the second MHC-II marker significantly departed from neutrality when tested using the simulations based on the microsatellite data (Figs. 2a, 2b) . When the clearly divergent MHC-II data were removed from the FDist2 simulation calculations (Beaumont and Nichols 1996) , the second MHC-II marker was also significantly outside the expected neutral range (data not shown). One microsatellite locus in the FR populations (Ots104) was also marginally outside of the expected neutral range; however, this locus exhibited lower than expected F ST (Fig. 2b) . To test for the specific effect of the MHC-II marker data on our analysis within the VI populations, we removed the MHC-II data and recalculated mean F ST and the 95% confidence limits for the remaining gene locus markers. The elimination of the MHC-II data reduced the mean F ST (mean = 0.10, 95% confidence limits = 0.064-0.125), but it was still significantly different from the microsatellite F ST (Table 3) . Individual F ST and G ST ′ estimates based on the eight gene locus polymorphisms varied substantially among loci and between VI and FR populations (Table 3 ). The MHC-II markers showed the highest divergence among the VI populations, while the GH markers yielded the highest divergence estimates among the FR populations (Table 3) .
The NJ cluster diagrams for the VI and FR populations using microsatellite markers showed a pattern similar to many reported for Pacific salmon populations over limited geographic ranges (Waples et al. 2004) , that is, long branch lengths with little topology (Fig. 3) . The VI microsatellite marker data weakly cluster the Big Qualicum and Puntledge (Fall) populations separately from the other populations (Fig. 3a) , which is consistent with the known movement of zygotes and fry from the Big Qualicum to the Puntledge (Fall) populations. However, there is no consistent clustering of the Puntledge (Summer) with either the Big Qualicum or Quinsam river populations, nor do the Salmon River or Nimpkish River populations show any particular divergence (Fig. 3a) . The FR microsatellite clustering pattern is consistent with geographic relationships (see Fig. 1 ), with the Stuart and Nechako clustering together, the Bowron and Dome clustering together, and the Willow being intermediate (Fig. 3b) . The clustering pattern generated from the VI gene locus markers shows a dramatic difference in topology relative to that generated using microsatellite data; the Big Qualicum, Puntledge (Summer), and Puntledge (Fall) populations cluster together, with the Quinsam River and Salmon River populations diverging from that cluster and the Nimpkish River population showing extreme divergence (Fig. 3c) . The clustering based on FR gene locus markers shows a divergence pattern closer to the microsatellite marker clustering patterns; however, the concordance with geographic distribution is lost, since the Nechako and Bowron cluster together, as do the Willow and Dome, with the Stuart showing an intermediate position (Fig. 3d) . Generally, bootstrap values were high, although we do not show bootstrap values below 50%.
The isolation-by-distance regression analysis produced a significant relationship between F ST and geographic distance for the pairwise microsatellite marker F ST when data from both regions were included ( Fig. 4a ; linear regression r 2 = 0.35; Spearman's rank correlation coefficient = 0.69, P < 0.001). However, no relationship was observed using the gene locus marker-based F ST estimates (Fig 4b; P > 0.20) , nor was there a significant relationship when we removed the MHC-II marker data from our analysis ( Fig. 4c ; P > 0.10). When we tested for a relationship between microsatellite F ST and geographic distance within the VI and FR populations separately, neither were significant based on a Mantel's test ( Fig. 4a ; P > 0.05), although the VI microsatellite F ST -based analysis approached significance (P = 0.06). Using the gene locus data, we found no significant Mantel tests (Figs. 4b, 4c ) except for within the VI population using the gene locus polymorphism data with the MHC-II data removed ( Fig. 4c ; P < 0.01, r 2 = 0.64). Since the populations in the two regions have pronounced life history differences and are separated by a large geographic distance, we did not include any cross-region pairwise comparisons.
There was no significant linkage disequilibrium between any of the microsatellite loci in any population after Bonferroni correction (P > 0.05), nor were there any significant linkage disequilibria among the growth-related marker loci (GH-1 and GH-2). Among the immune function loci, MHC-II (RsaI) and MHC-II (DdeI) were in weak linkage disequilibrium (P < 0.05) in 2 out of 11 populations (Salmon River and Dome Creek). MHC-I (Alw26I) was in weak linkage disequilibrium with MHC-I (RsaI) in 6 of 11 populations. The RFLP polymorphisms in the MHC-I and MHC-II PBRs are apparently not tightly linked within our study populations, and although the inclusion of both RFLPs as independent markers in our analysis in not likely to have biased our results (because of the low level of linkage disequilibrium), we cannot rule out the possibility of a bias. There were no significant linkage disequilibria at the transferrin and IgH loci compared with any of the MHC loci.
Discussion
The comparison of divergence among natural populations using putative neutral genetic markers (including synonymous substitutions) and markers of unknown selective status is becoming recognized as a potentially powerful approach (e.g., Kim et al. 1999; Landry and Bernatchez 2001; Canino et al. 2005) . Such an approach has two main benefits: first, it can detect selection acting in natural or seminatural situations, and second, it provides a basis for detailed evolutionary analyses of selection acting at specific genes, which in turn can be of considerable conservation value for the identification of the genetic basis of local adaptation. In our study, the divergence (F ST and G ST ′ ) among populations varied with marker type and between coastal and interior populations. Gene locus polymorphisms identified higher levels of population structure among the VI populations than neutral marker loci, but no significant difference was observed in the interior populations (FR). Limitations to comparisons between such diverse marker loci due to differences in heterozygosity and allele numbers have been noted (Beaumont and Nichols 1996; Hedrick 1999 Hedrick , 2005 ; however, our results were consistent when we corrected for the possible effects of heterozygosity on F ST estimation (G ST ′ ; Hedrick 2005) and using Beaumont and Nichols (1996) simulation approach. The nature of the genetic divergence between the VI and FR Chinook salmon populations was further clarified by our cluster analyses based on the two categories of markers. The microsatellite NJ cluster diagrams show a pattern typical of divergence under migration-drift equilibrium, while the gene locus marker NJ cluster diagrams differ in both branch length and topology from those of the microsatellite markers, especially for the VI populations. The most likely explanation of these results is selection acting on specific gene loci assayed in this study, although we cannot rule out possible effects of the quite different mutational mechanisms characteristic of the two marker types. Selective effects acting on our gene locus markers are further supported by their nonsignificant isolation-by-distance relationship compared with the significant microsatellite relationship. Although some of the gene loci included in this study appear to be under selection, the selection effects clearly differ between the coastal (VI) and the interior (FR) populations.
Our gene locus markers are predominantly intron-based polymorphisms, hence they reflect variation at the candidate loci only through linkage disequilibrium, and thus apparent locus-specific selection effects must be interpreted with cau- tion. Nevertheless, two of the markers (both are MHC-II markers and are thus coding region polymorphisms) stand out as being exceptionally divergent among the six VI populations. Such a pattern is indicative of directional selection at that locus in the VI study populations, especially since the removal of the MHC-II data yielded a significant isolation by distance relationship. In fact, all of the immune function markers generally showed elevated levels of population divergence within the VI populations. Interestingly, none of the immune function marker F ST estimates (including MHC-II) were elevated among the FR populations. MHC-II allele diversity (as well as specific allele combinations) has been shown to have direct effects on survival and immune response in pathogen challenges (e.g., Grimholt et al. 2003; Miller et al. 2004) . Such functional relationships between gene diversity and survival suggest obvious mechanisms for selection acting at the population level in salmonids, where each population typically experiences diverse pathogen exposure (e.g., Wood et al. 1989) , although the pathogen exposure of the specific populations studied here are not known. Other studies that focused on MHC evolution within and among salmon populations have shown both higher than expected levels of heterogeneity (ascribed to balancing selection) and lower than expected levels of diversity (tentatively identified as evidence for directional selection) in specific populations (Langefors et al. 1998; Kim et al. 1999; Miller et al. 2001) . In salmon, MHC PBR polymorphisms have generated high estimates of population divergence (e.g., MHC-II F ST = 0.13, Langefors et al. 1998 ; MHC-II F ST = 0.129, Kim et al. 1999; MHC-II F ST = 0.19, Miller et al. 2001) ; however, none of those studies reported F ST values as high as reported here for MHC-II marker data. Other studies that present population divergence data from both microsatellite and MHC markers in salmonids have shown that MHC markers often detect higher levels of divergence (e.g., Landry and Bernatchez 2001) .
Although we are not aware of studies on population-level selection or divergence at GH genes, differences in growth patterns among populations have been identified as adaptive, and thus selection is implied. Our data show a weak signal for possible selective effects at the growth-related markers (e.g., GH-1D) within the FR populations. Within the interior, stream-type populations assayed here, growth rate may be a more critical life history parameter than in the VI populations, where a shorter, freshwater residency time coupled with milder winter conditions may relax size threshold limitations. Overall, however, selection acting on freshwater or saltwater growth rates would be expected to be weaker than selection acting on immune function, since it would act indirectly via differences in life history performance in changing environments.
Curiously, with the exception of the clustering of the Big Qualicum and Puntledge (Fall) river populations, neither the microsatellite NJ cluster diagram nor the isolation-bydistance analyses reflect the known movement of eggs and fry among VI study populations for supplementation purposes. However, the pattern of population clustering in the gene locus marker NJ analysis is consistent with the known transfer of eggs and fry, raising the possibility of differential introgression into the native gene pool for the microsatellite versus gene locus markers in the supplemented populations. One possible explanation for the lack of a consistent genetic signal from the supplementation efforts may be that the supplemented fish are not readily integrated into the reproductive population (e.g., Ruzzante et al. 2004) . Although the genetic status of the two Puntledge River populations has been questioned, particularly since both groups have received considerable transfer from the Big Qualicum River, the divergence between the fall and summer runs was strongly supported by the NJ cluster analysis, as well as by the exact tests for allele frequency differences and pairwise F ST in all marker classes.
Our data provide evidence for selective effects on immune function loci in Chinook salmon on Vancouver Island, British Columbia, and weaker evidence for possible growthrelated selection in the interior populations of the upper Fraser River drainage. It has been hypothesized that the role of bacterial and parasitic infection on salmon survival in the wild is important, and our MHC-II marker results show that it may contribute to the genetic architecture of coastal populations of Chinook salmon, but curiously, not in interior populations. Our results also have applications to salmon conservation and management, since the population structure revealed using functional gene-linked markers was fundamentally different from that expected based on drift (or migration) or even extrinsic environmental selection. Overall, our comparison of microsatellite and gene locus marker divergence among Chinook salmon populations provides evidence for locally relevant adaptive differences among populations and regions. Weir and Cockerham's (1984) unbiased F ST on geographic distances measured as the shortest waterway distance using pairwise population comparisons within the Vancouver Island (solid circles) or Fraser River (open circles) populations for all microsatellite data (a), all gene locus marker data (b), and gene locus data with the MHC-II markers removed (c). No pairwise comparisons were made between Vancouver Island and Fraser River populations. Regression lines for the microsatellite marker data (a) were significant based on Spearman's rank correlation (P < 0.001; r 2 = 0.35), while the regressions using the gene locus marker data (b) and the modified gene locus data (c) were not significant (P > 0.10). Within regions, the Mantel tests were statistically significant only for the Vancouver Island modified gene locus data (P < 0.01; r 2 = 0.64), denoted as the broken line in panel c.
